The hereditary disorders chorea acanthocytosis and Cohen syndrome are caused by mutations in different members of a family of genes that are orthologs of yeast VPS13. In vegetatively growing yeast, VPS13 is involved in the delivery of proteins to the vacuole. During sporulation, VPS13 is important for formation of the prospore membrane that encapsulates the daughter nuclei to give rise to spores. We report that VPS13 is required for multiple aspects of prospore membrane morphogenesis. VPS13 (1) promotes expansion of the prospore membrane through regulation of phosphatidylinositol phosphates, which in turn activate the phospholipase D, Spo14; (2) is required for a late step in cytokinesis that gives rise to spores; and (3) regulates a membrane-bending activity that generates intralumenal vesicles. These results demonstrate that Vps13 plays a broader role in membrane biology than previously known, which could have important implications for the functions of VPS13 orthologs in humans.
Introduction
Spore formation in Saccharomyces cerevisiae, the equivalent of gametogenesis in metazoans, is a differentiation program in which the four haploid chromosome sets produced by meiosis are packaged into daughter cells (Neiman, 2011) . Packaging requires the generation of new membrane compartments within the cytoplasm, termed prospore membranes. At the start of the second meiotic division, secretory vesicles coalesce at each of the four spindle poles to form small double-membrane caps. As meiosis II progresses, each prospore membrane expands so that after nuclear division each daughter nucleus is engulfed by a prospore membrane. The closure of a prospore membrane around a nucleus is a cytokinetic event, separating the cytoplasm of the daughter cell (the spore) from that of the mother cell (now called the ascus). After closure, the prospore membrane serves as the plasma membrane of the newly formed spore (Neiman, 2011) .
Proper growth and closure of the prospore membrane require a number of different factors. The phospholipase D Spo14 is essential for membrane formation (Rudge et al., 1998) . Spo14 catalyzes the hydrolysis of phosphatidylcholine to phosphatidic acid (PA) and enzymatic activity is essential for the fusion of vesicles during prospore membrane formation (Rudge et al., 1998; Nakanishi et al., 2006) . Activation of Spo14 during sporulation requires both the translocation of Spo14 to the prospore membrane from its endosomal and/or cytosolic localization in vegetative cells, and the presence, in the prospore membrane, of sufficient levels phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P 2 ), which stimulates activity of the enzyme (Rudge et al., 1998; Sciorra et al., 1999; Rudge et al., 2004) . Closure of the membrane requires the removal of the leading edge protein complex (LEP), which is localized to the mouth of the prospore membrane (Maier et al., 2007; Diamond et al., 2008) . The LEP is composed of at least three subunits Don1, Ady3 and Ssp1, of which Ssp1 is the most crucial. Degradation of Ssp1, triggered at the end of meiosis II by the anaphase-promoting complex and its regulator Ama1, is necessary to allow the subsequent closure of the prospore membrane (Diamond et al., 2008) . In addition, several genes have been identified that are essential for proper growth of the prospore membrane including VPS13 (Rabitsch et al., 2001; Nakanishi et al., 2007) .
VPS13 was first identified in mutant cells defective in the delivery of carboxypeptidase Y to the vacuole and in the regulation of Kex2 cycling between the Golgi and late endosomes, indicating a role in trafficking between the late Golgi and the endosome (Bankaitis et al., 1986; Brickner and Fuller, 1997) . More than 50 VPS genes affecting vacuolar delivery have been identified in S. cerevisiae (Bonangelino et al., 2002; Burston et al., 2008) . Mutations in approximately 20 of these VPS genes have been found to reduce or block sporulation prior to prospore membrane formation, probably as a result of defects in autophagy (Enyenihi and Saunders, 2003; Neiman, 2005; Nakanishi et al., 2007; Piekarska et al., 2010 ). VPS13 appears unique in that mutants are defective in growth of the prospore membrane . Thus, VPS13 seems to have a function in prospore membrane growth that is distinct from its role in vacuolar sorting.
VPS13 is highly conserved, with orthologs in all eukaryotic genomes that have been sequenced. In humans there are four VPS13 orthologs (Velayos-Baeza et al., 2004) . The function(s) of their different proteins in human cells has not been defined, but mutations in two of the orthologs, VPS13A (also known as CHAC) and VPS13B (COH1) give rise to the hereditary diseases chorea acanthocytosis and Cohen syndrome, respectively (Rampoldi et al., 2001; Kolehmainen et al., 2003) . Because of the established role of yeast VPS13 in vacuolar transport, it has been inferred that the human phenotypes result from comparable defects in membrane transport. We report here new functions for yeast VPS13 during prospore membrane formation. The role of VPS13 in membrane expansion is mediated through effects on the phospholipase D, Spo14. Separately, VPS13 is required for closure of the prospore membrane, possibly through control of a membrane-bending activity.
Results

VPS13 is required for cytokinesis during spore formation
Fluorescence loss in photobleaching (FLIP) can be used to monitor prospore membrane closure, because of the ability of a cytosolic green fluorescent protein (GFP) to diffuse between the presumptive ascal and spore cytoplasms (Diamond et al., 2008) . In this assay, a spot in the cytoplasm outside of the prospore membrane is repeatedly photobleached and the cytoplasmic GFP fluorescence inside of the prospore membrane is monitored. Loss of GFP fluorescence inside the prospore membrane indicates that the cytoplasms are connected and the prospore membrane is open. Whereas 100% of late stage prospore membranes were closed in wild-type cells, vps13D mutants displayed a severe closure defect, with over 90% of membranes open (Table 1; supplementary material Fig. S1 ). This closure defect was not simply a consequence of the smaller prospore membranes in vps13D cells, because another mutant that forms smaller prospore membranes, gip1D, displayed efficient closure (76%) (Ishihara et al., 2009 ). Thus, vps13D mutants have a strong cytokinesis defect during sporulation.
Prospore membrane closure requires the removal of the LEP, which is localized to the mouth of the prospore membrane (Maier et al., 2007; Diamond et al., 2008) . Removal of this complex can be monitored by relocalization of the LEP component Don1 (as Don1-GFP) from the leading edge to the cytoplasm (Diamond et al., 2008) . Don1-GFP fluorescence disappeared from the majority of prospore membranes in late stage vps13D cells, in contrast to ama1D mutants where Don1-GFP fluorescence persisted at the leading edge (Fig. 1) . Though not as complete as in gip1D or wild-type cells, the disappearance of Don1-GFP from the leading edge of vps13D cells suggests that VPS13 acts after LEP removal, perhaps to directly promote membrane closure.
Vps13 relocalizes to the prospore membrane during spore formation
In mitotic cells, Vps13 is localized to the endosome, raising the possibility that the effect of vps13D on prospore membrane closure is indirect (Huh et al., 2003) . We found that, similar to mitotic cells, early in sporulation Vps13-GFP localizes diffusely in the cytoplasm with brighter cytoplasmic puncta (presumably endosomes). By contrast, later in meiosis it was still diffuse in the cytoplasm but also concentrated along the prospore membrane (Fig. 2) . Thus, Vps13 relocalizes to the prospore membrane in sporulating cells, suggesting it has a more direct role in membrane expansion and closure.
Prospore membranes in vps13D cells have reduced phosphatidic acid content
The relocalization of Vps13 is reminiscent of Spo14, which translocates from a cytosolic or endosomal localization in vegetative cells to the prospore membrane during sporulation (Rudge et al., 1998; Li et al., 2000) . The soluble NSF attachment protein receptor (SNARE) complex, which mediates fusion at the prospore membrane, includes a sporulation-specific subunit, Spo20 that is recruited to the membrane through a 41-aminoacid PA-binding motif in the Spo20 N-terminus (Nakanishi et al., 2004) . A fusion of GFP to this motif, GFP-Spo20 , acts as an in vivo reporter for PA and localizes to the prospore membrane in a Spo14-dependent fashion (Nakanishi et al., 2004; Nakanishi et al., 2006; Zeniou-Meyer et al., 2007) . The intensity of the fluorescent signal of GFP-Spo20 51-91 from the prospore The closure of at least 50 late stage prospore membranes was examined by FLIP assay in AN390 (wild type), JSP26 (gip1D), JSP164 (vps13D) and JSP287 (snf7D). 2m-Myr-SPO14 expresses the myristoylated form of SPO14 from a high copy vector. -DON1-GFP to visualize the prospore membranes and the LEP, respectively. Type I indicates that Don1-GFP was dispersed in the cytoplasm, whereas Type II indicates that Don1-GFP was concentrated on the prospore membrane. White arrows indicate LEPs. Scale bar: 1 mm. (B) Quantification of Don1-GFP distribution in the cells in A. More than 100 prospore membranes were examined for each strain. membrane in vps13D cells appeared weaker than in wild-type cells, suggesting that the PA level in the prospore membranes of vps13D cells might be lower. To examine the relationship between the prospore membrane and PA, we compared the colocalization of RFP-Spo20 to that of the integral membrane protein, Dtr1-GFP in wild-type and vps13D cells (Felder et al., 2002) . Although colocalization of the markers was high in wild-type cells, in vps13D only 50% of prospore membranes identified by Dtr1-GFP displayed visible RFPSpo20 51-91 signal, indicating that the PA levels in these membranes are reduced (Fig. 3A,B) . Note that PA must not be absent, just reduced below the level detectable by RFPSpo20 , because complete loss of Spo14 activity blocks prospore membrane formation (Nakanishi et al., 2006) . These results indicate that VPS13 is required for the full activity or localization of Spo14 during sporulation, resulting in lowered PA levels at the prospore membrane in vps13D cells.
Overexpression of SPO14 rescues the membrane size phenotype but not the cytokinesis defect of vps13D
To test whether reduced PA is responsible for the vps13D prospore membrane defects, colocalization of RFP-Spo20 and Dtr1-GFP was examined in vps13D cells overexpressing SPO14. Overexpression of SPO14 rescued the colocalization of RFP-Spo20 51-91 and Dtr1-GFP (Fig. 3C ). Moreover, SPO14 overexpression also restored the prospore membranes in vps13D cells to sizes comparable with those of wild-type cells (Fig. 3D ). This increase in size was significantly greater than in vps13D mutants without SPO14 overexpression (P,0.001). By contrast, overexpression of the gene for a catalytically inactive form of the enzyme, SPO14-K1098H (Rudge et al., 1998) , did not rescue the membrane growth phenotype (Fig. 3D ), indicating that PA production by the overexpressed SPO14 is necessary for the rescue. In fact, overexpression of SPO14-K1098H led to even smaller average membrane size in the vps13D cells (P,0.001).
VPS13 might influence PA levels by affecting the activity or the localization of Spo14. We were unable to directly assess the effect of vps13D on Spo14 localization because GFP-Spo14 could not be visualized at native expression levels. As an alternative approach, we tried to enhance Spo14 recruitment to the prospore membrane by fusing the N-terminal myristoylation signal from Gpa1 to the N-terminus of Spo14 (Stone et al., 1991) . Myr-SPO14 slightly improved the rescue of the membrane growth phenotype of vps13D over that of wild-type SPO14 ( Fig. 3D ; P,0.01). Together, these results suggest that VPS13 promotes membrane expansion by enhancing the activity Spo14 at the prospore membrane with the consequent generation of PA, which in turn is necessary for efficient vesicle fusion. The diameter of the prospore membrane was measured in post-meiotic wild-type (AN120) or vps13D (HI29) cells overexpressing the indicated genes. More than 100 prospore membranes were measured for each strain. The numbers given are the average diameter 6 one standard deviation. Scale bar: 1 mm. 51-91 as a prospore membrane marker was sporulated and GFP and RFP fluorescence was monitored during prospore membrane growth. Scale bars: 1 mm.
To determine if the vps13D cytokinesis defect is also a consequence of lowered PA, the FLIP assay was performed using vps13D cells overexpressing Myr-SPO14. Though the prospore membrane growth defect is rescued in these cells, Myr-SPO14 overexpression only weakly suppressed the membrane closure defect (Table 1) . Thus, the function of VPS13 in membrane expansion is separable from its role in cytokinesis.
Prospore membrane PtdIns-phosphate pools are reduced in the vps13D mutant Spo14 requires PtdIns(4,5)P 2 for its activity, and mutations in the PtdIns 4-kinase gene PIK1 or the PtdIns(4)P 5-kinase gene MSS4, which together generate PtdIns(4,5)P 2 , result in a failure to sporulate and to activate Spo14 during sporulation (Flanagan et al., 1993; Desrivières et al., 1998; Rudge et al., 2004) . To investigate whether the effect of vps13D on Spo14 might be mediated through effects on PtdIns(4,5)P 2 we used GFP fusions to the phosphatidylinositol 4-phosphate (PtdIns(4)P)-specific lipid-binding domain of Osh2 and the PtdIns(4,5)P 2 -specific lipid binding domain of PLCd1 to examine the intracellular distribution of these lipids during sporulation (Stefan et al., 2002; Roy and Levine, 2004) . In wild-type cells, the PtdIns(4)P reporter localized to prospore membranes in late meiotic cells (Fig. 4A,B) . By contrast, in vps13D mutants the localization of the GFP fusion protein to the prospore membrane was reduced, similar to our results above with the PA reporter RFP-Spo20 ( Fig. 3) . Very similar results were obtained with the PtdIns(4,5)P 2 reporter (Fig. 4C,D) . These results indicate that the levels of both PtdIns(4)P and, probably as a consequence, PtdIns(4,5)P 2 are reduced in the prospore membrane in vps13D cells. PtdIns(4,5)P 2 is necessary both for the activity and the recruitment of Spo14 (Sciorra et al., 2002) and the reduction of PtdIns(4,5)P 2 levels probably accounts for the effects of vps13D on Spo14 activity.
Prospore membranes accumulate intralumenal vesicles in vps13D
Transmission electron microscopy (TEM) studies of vps13D cells revealed an unusual phenotype in sporulating cells. In wild-type cells, the width of the lumen between the inner and outer bilayers of the prospore membrane is uniform along the entire length of the membrane (Fig. 5A) . By contrast, membrane-bound inclusions within the prospore membrane lumen were frequently seen in vps13D cells (visible in 75% of prospore membrane profiles; Fig. 5B,C,D) . These intralumenal vesicles appear to form by an inbudding or invagination of the prospore membrane into the lumen (Fig. 5E,F) . Overexpression of SPO14 did not suppress the appearance of intralumenal vesicles (68% of profiles; Fig. 5G ), suggesting that reduced PA in the prospore membrane is not the basis for this phenotype.
Intralumenal vesicle formation in vps13D is not dependent on the ESCRT complex
The lumenal vesicles seen in vps13D cells appear similar to multivesicular bodies (MVBs) (Piper and Katzmann, 2007) . MVBs are carriers of endocytosed proteins to the vacuoles that are formed when a small region of the limiting membrane of the endosome pinches off into the endosomal lumen. Endosomal sorting complexes required for transport (ESCRT)-I, -II and -III complexes regulate the sorting of cargo into MVBs as well as their formation, scission and release into the lumen (Hurley and Hanson, 2010) . ESCRT components have also been implicated in other topologically similar events in mammalian cells including cytokinesis and viral budding (Strack et al., 2003; Carlton and Martin-Serrano, 2007; Hurley and Hanson, 2010) .
In particular, the ESCRT-III complex is required for membrane scission and the observation that mutants in different components of this complex display low sporulation efficiency suggests a potential role in prospore membrane biogenesis (Enyenihi and Saunders, 2003; Wollert et al., 2009) . SNF7 encodes an essential component of the ESCRT-III machinery and although the majority of snf7D cells arrest before prospore membrane formation, a small fraction are able to PLCd and Dtr1-RFP colocalization in C. More than 100 prospore membranes were observed for each strain. Scale bars: 1 mm.
form spores (Babst et al., 2002; Enyenihi and Saunders, 2003) (our unpublished observations). It was, therefore, possible to test the effects of mutation of SNF7 on later events in spore formation. Using the FLIP assay, we found that the prospore membranes that do form in snf7D cells efficiently undergo closure (Table 1 ; supplementary material Fig. S1 ), indicating that ESCRT is not involved in cytokinesis during sporulation. Moreover, in vps13D snf7D double mutants intralumenal vesicles were observed (79% of profiles) within the prospore membranes, indicating that ESCRT is not required for their formation (Fig. 5H) . Thus, VPS13 might regulate a membrane bending and/or scission activity distinct from ESCRT. Discussion VPS13 was originally identified through its role in vesicular trafficking through the endosome to the vacuole (Bankaitis et al., 1986) . Subsequent studies revealed that VPS13 is also required for sporulation (Enyenihi and Saunders, 2003; Nakanishi et al., 2007) . This work demonstrates that VPS13 is required for many aspects of prospore membrane morphogenesis during spore formation: (1) it promotes membrane growth through the activity of the phospholipase D Spo14 at the prospore membrane; (2) it is required for cytokinesis at the end of prospore membrane growth; and (3) it regulates a membrane bending and/or scission activity capable of forming intralumenal vesicles.
The regulation of Spo14 by VPS13 appears to be mediated indirectly through effects on PtdIns-phosphate levels. Prospore membranes in vps13D cells exhibit reduced binding by reporters for both PtdIns(4)P and the Spo14-activating lipid PtdIns(4,5)P 2 . Notably, the effect of vps13D on the PtdIns-phosphate reporters was stronger than the effect on the PA reporter. This could reflect the relative affinities of Spo14 and the Osh2 and PLCd1 reporters for PtdIns phosphates, as Spo14 binds to PtdIns(4,5)P 2 at two independent sites on the protein (Sciorra et al., 2002) . If it is recruited to the membrane more efficiently than the GFP reporters, then it can generate PA, leading to membranes that have detectable levels of PA even though they lack a signal for PtdIns phosphates.
The reduced PtdIns(4,5)P 2 in vps13D cells probably reflects the lowered PtdIns(4)P levels, but how VPS13 influences PtdIns(4)P abundance remains to be determined. One possibility is that VPS13 regulates the activity of a PtdIns(4)-kinase. There are three PtdIns(4)-kinase enzymes in yeast, Pik1, Stt4 and Lsb6 (Flanagan et al., 1993; Yoshida et al., 1994; Han et al., 2002) . PIK1 is reported to be required for sporulation (Rudge et al., 2004) , suggesting it as a possible VPS13 target, but no interactions between any of these genes and VPS13 have been reported. Alternatively, VPS13 might negatively regulate one or more PtdIns-phosphate phosphatases. Increased activity of one or more phosphatases could also account for the vps13D mutant phenotype.
The effect of vps13D on Spo14 activity is distinct from the cytokinesis defect. However, it is not clear if these phenotypes of vps13D are truly independent or whether the cytokinesis defect might also be a consequence of reduced PtdIns-phosphate levels. Because the molecular function of VPS13 in vacuolar transport has not been determined, it is possible that dysregulation of PtdIns phosphates is also responsible for those defects. Interestingly, a recent synthetic genetic interaction screen found that mutants in VPS13 and in VPS30, a subunit of the PtdIns(3)-kinase complex, exhibit similar sets of genetic interactions (Hoppins et al., 2011) , consistent with the idea that PtdIns phosphates are also dysregulated during vegetative growth in vps13D cells.
The relationship of the intralumenal vesicles that form in vps13D cells to the other mutant phenotypes also has yet to be established. It is noteworthy, however, that the membrane fission event that releases a vesicle into the lumen of the prospore membrane is topologically equivalent to the fission event that occurs at cytokinesis. Both events require the scission of a membrane oriented away from the cytoplasm. Indeed, in mammalian cells, ESCRT is important both for MVB formation and for cytokinesis (Raiborg et al., 2003; Carlton and Martin-Serrano, 2007) . It seems probable, therefore, that the vps13D cytokinesis and intralumenal vesicle phenotypes are related. We favor a model in which Vps13 ordinarily restricts a membrane scission activity to the site of membrane closure, and loss of this Vps13-mediated restraint leads to ectopic 'cytokinesis' giving rise to intralumenal vesicles.
The formation of intralumenal vesicles in the vps13D cells is independent of the ESCRT complex. In mammalian cells, ESCRT-independent formation of intralumenal vesicles has been reported and these possibly involve the generation of specialized lipid species (Trajkovic et al., 2008; Babst, 2011) . Our results provide the first evidence for a similar ESCRTindependent pathway in yeast.
Taken together, our findings suggest a much broader role for Vps13 in membrane biology than has been appreciated. Recent studies of Vps13 orthologs in other systems also suggest roles beyond vacuolar trafficking for this family of proteins. In Tetrahymena, the sole Vps13 ortholog has been localized to phagosomes, whereas in human cells, the VPS13B (COH1) protein, which is mutated in Cohen syndrome, localizes to the cis-Golgi (Samaranayake et al., 2011; Seifert et al., 2011) .
Little is known about the molecular bases for Cohen syndrome or chorea acanthocytosis, caused by the mutation of VPS13B (COH1) and VPS13A (CHAC), respectively (Rampoldi et al., 2001; Kolehmainen et al., 2003) . Our results identify new functions for VPS13 in yeast that could have direct implications for the functions of human orthologs. For example, a defining feature of chorea acanthocytosis is the presence of circulating 'acanthocytes'; that is, misshapen red blood cells that have multiple protrusions of their plasma membranes (Delaunay et al., 1990) . The shape of the erythrocyte is maintained by interactions of integral plasma membrane proteins with an underlying spectrin and actin cytoskeleton. The protein 4.1R plays an important role in linking the membrane proteins to the cytoskeleton (Takakuwa, 2000) . 4.1R can bind to PtdIns(4,5)P 2 and binding to the lipid modulates 4.1R interactions with other proteins . We speculate that VPS13A regulates PtdIns-phosphate levels in the red cell plasma membrane, as the yeast homolog does in the prospore membrane, and that alterations in plasma membrane PtdIns(4,5)P 2 levels alters interaction of the plasma membrane with the cytoskeleton, giving rise to the misshapen red cells seen in chorea acanthocytosis patients. Because of the strong conservation of Vps13, further exploration of the roles of VPS13 in sporulation could provide significant insight into the molecular basis of these human diseases.
Materials and Methods
Yeast strains and media
Yeast strains used for this study are listed in supplementary material Table S1 . Unless otherwise mentioned, standard yeast media and genetic techniques were used (Rose and Fink, 1990) . To construct strain JSP141, SNF7 was deleted by PCR-based gene deletion (Longtine et al., 1998) . The SNF7 deletion cassette was amplified with the primers JSO9 and JSO10; all oligonucleotide sequences are listed in supplementary material Table S2 . To construct strain JSP101, the snf7D segregants from a cross of strains JSP141 and AN117-4B were mated. Similarly, strain JSP286 was created by mating snf7D vps13D segregants from a cross of JSP141 and HI27. Strain JSP257 was generated by the mating of segregants from a cross of AN117-4B to a VPS13::GFP-containing strain (Huh et al., 2003) .
To construct strains for the FLIP assay, strain HI27, NY1 or JSP141 was mated with a strain containing a GFP-tagged TEF2 allele (Huh et al., 2003) . After tetrad dissection, vps13D TEF2::GFP, gip1D TEF2::GFP or snf7D TEF2::GFP segregants were mated to generate strains JSP164, JSP26 and JSP287, respectively. These diploid cells were transformed with pRS424-RFP-SPO20 51-91 or pRS426-RFP-SPO20 51-91 prior to the assay.
Plasmids
Plasmids used in this study are listed in supplementary material Table S3 . To construct pRS424-RFP-SPO20
51-91
-SPO14, pRS424-SPO14 was first constructed by homologous recombination in S. cerevisiae (Ma et al., 1987) . Overlapping fragments of the SPO14 coding region including 500 bp of upstream and downstream sequence were amplified by PCR using the primers, JSO127 and JSO128-r and JSO128 and JSO129, respectively. The 59 ends of the primers JSO127 and JSO129 carry ,50 nucleotides that allow recombination with the plasmid pRS424 (Christianson et al., 1992) . spo14D mutant diploid cells were transformed with the two PCR products and KpnI-linearized pRS424 and pRS424-SPO14 was assembled by homologous recombination in the cell. The plasmid was extracted from spo14D cells whose sporulation defect was restored by successfully constructed pRS424-SPO14. The KpnI fragment from pRS424-SPO14 carrying SPO14 was ligated into KpnI-digested pRS424-RFP-SPO20
51-91 , giving pRS424-RFP-SPO20 51-91 -SPO14. To construct pRS426-P SPS4 -Myr-GFP-SPO14, the SPS4 promoter (from 21 to 21000) was first amplified using primers HJO166 and HJO167 and then cloned into a pRS426 as a SacI-SpeI fragment. A sequence encoding the first seven amino acids of GPA1, which constitute an Nmyristoylation motif (Stone et al., 1991) , were included in the primer nAC01 used along with AC06 to amplify GFP-SPO14 from the plasmid YEp351-GFP-SPO14 (Rudge et al., 1998) . This PCR product, digested with SpeI and XhoI, was ligated into pRS426-P SPS4 to create pRS426-P SPS4 -Myr-GFP-SPO14. Plasmid pRS426-GFP-spo14
K1098H was constructed by moving GFP-spo14 K1098H as a NotI-XhoI fragment from pRS424-GFP-spo14
K1098H (Nakanishi et al., 2006 ) into pRS426. To construct pRS426-RFP-SPO20
-DON1-GFP, a DON1-GFP fragment with KpnI sites at both ends was created by PCR amplification with primers HT19Kpn1F and HT66Kpn1R. This fragment was ligated into the KpnI site of pRS426-RFP-SPO20 51-91 . To construct pRS426-DTR1-GFP a BamHIXhoI fragment from pRS424-DTR1-mRFP (Mathieson et al., 2010) carrying DTR1-mRFP was ligated into similarly digested pRS426. To construct pRS424-DTR1-RFP-SPO14, the KpnI fragment from pRS424-SPO14 carrying SPO14 was ligated into KpnI-digested pRS424-DTR1-RFP.
Fluorescence microscopy
For detection of fluorescence, cells were fixed in 3.7% formaldehyde for 1 minute and washed once with PBS (137 mM NaCl, 2.7 mM KCl, 100 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.5). These cells were mounted with a mounting solution containing 4,6-diamidino-2-phenylindole (DAPI; Vectashield; Vector Laboratories, Peterborough, UK) to visualize the nuclei. Two fluorescence microscopes were used in this study; a Zeiss Axioplan2 microscope (Carl Zeiss, Thornwood, NY) with a Zeiss mRM Axiocam and a Zeiss Observer.Z1 microscope with an attached Orca II ERG camera (Hamamatsu, Bridgewater, NJ). Zeiss Axiovision 4.8 software was used to acquire images. Images in Fig. 1 were deconvolved using Zeiss Axiovision 4.8.
To measure prospore membranes (Fig. 3D ), cells were first stained with DAPI so that post-meiotic cells could be identified. The longest diameter of the prospore membranes, visualized by Dtr1-GFP or RFP-Spo20 , was determined using the measurement tools in the Axiovision 4.8 software. The statistical significance of the differences between the distributions of membrane sizes in the different strains was analyzed using a Student's unpaired t-test with a two-tailed distribution.
For the FLIP assay, cells were first incubated either in liquid or on solid sporulation medium and their progression through sporulation was monitored by observing the prospore membrane morphology marked with RFP-Spo20 . When cells in the population began entering meiosis II, cells were transferred to agar pads and the FLIP assay was performed as previously described (Diamond et al., 2008) , using a Zeiss LSM 510 META NLO inverted microscope coupled with a Coherent Chameleon XR Laser system.
Transmission electron microscopy
Sporulating cells were fixed in 3% glutaraldehyde in cacodylate buffer (100 mM sodium cacodylate, 5 mM CaCl 2 , pH 7.4) for 1 hour. Fixed cells were washed once with cacodylate buffer and left overnight at 25˚C in 1 ml cacodylate buffer. The cells were collected, resuspended in 4% potassium permanganate in distilled water, and incubated at 25˚C for 30 minutes. Cells were washed with distilled water until the supernatant became clear and resuspended in saturated uranyl acetate at 25˚C for 2 hours. The samples were then dehydrated through a graded acetone series (30, 50, 70 and 95% acetone, two 10-minute incubations at each concentration) followed by four washes with 100% acetone. Dehydrated cells were left overnight in 100% acetone at 25˚C. For embedding, the cells were first incubated 3610 minutes in 100% acetonitrile and then resuspended in a 1:1 acetonitrile: Epon mix (50% Epon 812, 15% dodecenyl succinic anhydride, 35% nadic methyl anhydride) for 4 hours at 25˚C. These cells were collected and resuspended in 100% Epon mix for over 15 hours in vacuum. After two additional 1-hour incubations in 100% Epon mix under vacuum, the cells were transferred to Epon mix containing 1.5% 2,4,6-tris(dimethylaminomethyl)phenol (DMP-30) and were placed into 60˚C under vacuum for 2 days. For transmission electron microscopy, the images were collected with an AMT XR-60 camera (AMT, Danvers, MA) attached to an FEI BioTwin G2 microscope (FEI, Hillsboro, OR). To quantify the ILV phenotype all prospore membranes visible in a given section were scored for the presence or absence of ILVs (regardless of number of vesicles). Thus, the percentage score indicates the fraction of prospore membranes with one or more ILVs in all the images of that strain. 51-91 or pRS426-RFP-Spo20 51-91 to mark the prospore membranes. Cells were sporulated and prepared for the FLIP assay described in Materials and Methods. In the left panels, (i) is a differential interference contrast image; (ii) shows a prospore membrane marked with RFP-Spo20 51-91 ; and (iii-v) are a time-lapse series of cytoplasmic Tef2-GFP fluorescence. The time is given in seconds. The right panels show quantification of the GFP fluorescence at four different points within the images, indicated by the circles. Circle 1 marks the site of photobleaching in the ascal cytoplasm. Circle 2 marks an area of the ascal cytoplasm not directly bleached by the laser. Circle 3 marks the cytoplasm inside a prospore membrane. Circle 4 marks the cytoplasm in a unbleached, neighboring cell. Green bars on the X axis indicate when photobleaching was performed. Scale bars: 1 mm. Table S1 . Strains used in this study Table S2 . Oligonucleotides used in this study Table S2 . Oligonucleotides used in this study pRS426-RFP-SPO20
51-91
P TEF2 -RFP-SPO20
51-91 pRS426-SPS4pr-Myr-GFP-SPO14 P SPS4 -Myr-GFP-SPO14 this study pRS426-DTR1-GFP DTR1-GFP this study pRS424-RFP-SPO20 (Yu et al., 2004) pRS426-GFP-2xPH
PLCδ
GFP-2xPH
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